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Abstract 
Self-healing materials have been heavily studied because of its ability to extend the service life of materials. However, current self-
healing materials with strong mechanical property requires energy input to trigger the healing process while the materials with 
autonomous self-healing ability are not tough enough for practical applications. Surprisingly, we found a commercial material, 
VHB 4910, compromising a strong mechanical property as elastomers and rapid self-healing ability as hydrogels. We confirmed 
the self-healing ability of VHB 4910 with tensile tests. Raman and infrared spectra illustrate the bonding structure of this material. 
X-ray diffraction pattern shows an amorphous inner structure of this material.  We confirmed that both hydrogen bonding and chain 
diffusion process contributed to the self-healing ability.  
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the scientific committee of Symposium 2015 ICMAT. 
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1. Introduction 
Self-healing materials have attracted increasingly attention from researchers as its ability to extend the service life 
of materials. White et al.[1] achieved the self-healing ability in thermoset polymers. They encapsulated the healing 
agent in the microcapsules and embedded the catalyst in the polymer matrix. When the cracks happened and 
propagated to the microcapsules, the healing agent will be released to the cracks and polymerize with the assistance 
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of catalyst. However, with the depletion of the healing agent or the catalyst, the polymer will lose its self-healing 
ability. Although many more self-healing thermoset polymers have been produced, their healing process require 
energy input including heat[2], catalyst[3] or UV light[4]. Leibler et al.[5] achieved a ground break in 2008 by 
producing an autonomous self-healing thermoplastic polymer with fatty dimer acid. This material can heal in the 
ambient environment without any external interference. The self-healing ability was attributed to the re-association of 
hydrogen bonding. Comparing to the covalent bonding, hydrogen bonding can re-associate in the ambient 
environment. Based on this design idea, many researchers have created various autonomous self-healing materials 
using reversible non-covalent interactions including hydrogen bonding[6], hydrophobic interactions[7], metal-ion 
coordination[8] and PI-PI stacking[9]. Nevertheless, these thermoplastic materials lack strong mechanical property. 
To achieve a good balance between the mechanical property and self-healing ability has become the significant issue 
among researchers. Surprisingly, we found a commercial material, VHB4910, compromising a strong mechanical 
property and self-healing ability. This material has been applied to be artificial muscles[10] and dielectric 
actuators[11,12]. Steinmann et al. have studied on its viscoelasticity with numerical modelling. However, there are 
few studies focusing on the self-healing ability and mechanism of this material. 
 
In our paper, we studied the self-healing ability of this material using tensile tests. This material showed an excellent 
self-healing ability in the ambient environment. We applied X-ray diffraction, Raman spectroscopy and Infrared 
spectroscopy techniques to identify the inner structure and compositions of this material. We confirmed the effect of 
hydrogen bonding on self-healing process using Raman spectroscopy and identified that the chain diffusion process 
also strengthened the self-healing ability. 
 
2. Experimental methods  
2.1 Materials and sample preparation 
VHB 4910 was used as purchased from 3M Company with a cross section dimension of 25.4 mm x 0.889 mm. The 
main constituents of this material are acrylic but no detailed structural composition is known. The samples were cut 
into a rectangular shape with a length of 100 mm. 
2.2 Uniaxial tensile tests 
The uniaxial tensile tests were done with the INSTRON 3366 tensile machine with a 1 KN load cell. The sample 
length between two jaws is 50 mm. The cross speed was controlled at 100 mm/min. The samples were cut in the 
middle with a scalpel and brought into together with a slight force before the tensile tests. 
2.3 Fourier transform infrared spectrum measurements 
The Fourier transform infrared (FTIR) spectra were scanned under room temperature with the IlluminatIR II inVia 
Reflex (Smiths Detection) equipped with a 36X ATR objective. The scanning range covered the wavenumbers from 
650 to 4000 cm-1 with a resolution of 4 cm-1. 
2.4 Raman spectrum measurements 
The Raman spectra were obtained using a Renishaw 2000 Raman Microscope. The wavelength of the laser source 
was 785 nm and the scattered light was dispersed with a grating of 1200 l/mm. The scattered laser light was collected 
by the Renishaw CCD camera. A 50X objective was chosen. The exposure time was set to 10 seconds with 1 
accumulation. The laser power was 0.01 W. The glass slide was covered with an aluminum foil to remove the 
disturbance from silicon oxide. The sample was placed on the foil covered glass slide. 
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3. Results and discussion 
3.1 Self-healing ability 
 
Fig. 1. Tensile tests of self-healed samples under ambient environment. (a) The nominal fracture strain and fracture stress increased with the healing 
time; (b) The self-healing efficiency increased with the healing time. 
We applied tensile tests on the healed samples to investigate the self-healing ability of VHB4910. The samples 
were cut in the middle using a scalpel and the cutting interfaces were brought together with a slight force. All the 
samples were left in the ambient environment for various healing times before the tensile tests. Figure 1(a) shows that 
both of the nominal fracture strain and stress increased with the healing time. The sample showed rapid self-healing 
ability after a healing time of 10 minutes. During the healing time of 10 to 240 minutes, the average value of nominal 
fracture stress and strain increased from 0.18 MPa and 468% to 0.30 MPa and 727%, respectively. At the healing time 
of 960 minutes, the nominal fracture stress and strain levelled off and finally reached to 0.35 MPa and 760% 
respectively. The mechanical strength of healed samples is higher than that of the metal-ion coordination induced self-
healing polymers[13,14]. The self-healing efficiency was defined as the ratio of the area under the strain-stress curve 
of healed samples to that of the original samples[15]. This definition considers the work required to break the sample 
instead of the fracture strain or the fracture stress. Figure 1(b) shows that the average value of self-healing efficiency 
increased from ~30% at 10 minutes to ~60% at 240 minutes and finally achieved ~69% at 960 minutes. This result is 
much higher than the ionic bonded hydrogels which require 1 hour to achieve a self-healing efficiency of ~30%[15]. 
The tensile tests confirm the autonomous self-healing ability of VHB 4910 in the ambient environment without any 
manual interference. 
3.2 Structure and compositions 
As this material is declared to be an acrylic material, we assumed that the self-healing ability of it is due to the re-
association of hydrogen bonding between the cut interfaces. We scanned the samples with Raman and infrared 
spectroscopies. These two techniques are complementary in identifying the bonding structure of materials. Figure 2(a) 
shows that the Raman shifts of 2870, 2926 and 2956 cm-1 is the stretching vibration of C-H2 and C-H3 bonds[16]. 
The infrared wavenumber of 1255 cm-1 and the Raman shift of 1152 cm-1 results from the C-O stretching coupled 
with O-H in plane bending.16,17 The Raman shift of 1063 cm-1 is due to the C-O stretching[17]. The carbonyl bonds 
(C=O) are at 1730 and 1703 cm-1 of Raman shift and 1707 and 1731 cm-1 of infrared wavenumbers, respectively[17]. 
These structure are the essential chemical bonds for acrylic materials. Furthermore, we scanned the sample with X-
ray diffraction. Figure 2(b) shows a broad peak at 30 degrees of 2theta which illustrates the amorphous structure of 
our material. The amorphous structure has less constraints on the chain mobility than the crystalline structure[18]. 
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Fig. 2. (a) Raman and infrared spectra of VHB4910; (b) XRD pattern of VHB 4910 
3.3 Hydrogen bonding effect 
We highlighted the two carbonyl bands in the infrared and Raman spectra. These two carbonyl bands are different 
because the one with a higher stretching frequency results from the free carbonyl bond while the one with a lower 
stretching frequency is due to the hydrogen bonded carbonyl bond[16]. Therefore, we scanned the carbonyl bands of 
a healed sample along a line which is vertical to the cutting interfaces using Raman spectroscopy. The spectra were 
fitted with Lorentz function to separate the free and hydrogen bonded carbonyl bonds. Figure 3(a) shows that the band 
wavenumber of hydrogen bonded carbonyl bonds decreased when the distance is closer to the cut interfaces while the 
full width at half maximum (FWHM) increased when the distance is closer to the cut interfaces. On the contrary, both 
of the band wavenumber and FWHM of the free carbonyl bonds stayed stable during the scanning (Figure 3(b)). This 
result proves the re-association of hydrogen bonding at the cut interfaces which is critical to the self-healing ability. 
 
Fig. 3. The analysis of carbonyl bands of Raman spectra. (a) The band wavenumber and full width at half maximum of hydrogen bonded carbonyl 
bonds relating to the distance from the cut interfaces; (b) The band wavenumber and full width at half maximum of free carbonyl bonds relating to 
the distance from the cut interfaces. 
3.4 Chain diffusion effect 
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Fig. 4. Tensile tests result of healed samples under different temperatures. (a) The nominal fracture strain and stress increased with the temperatures; 
(b) The healing efficiency increased with the temperature. 
Since our material shows an amorphous structure, we hypothesize that the chain diffusion process also contribute 
to the healing process. We left the cut samples under different temperatures for a constant time of 120 minutes before 
the tensile tests. We found that the average value of the nominal fracture stress and strain increased from 0.26MPa 
and 656% of samples healed under room temperature to 0.67MPa and 980% of samples healed at 120 Celsius degree, 
respectively (Figure 4(a)). This result suggests that the higher temperature can promote the healing ability of our 
material. Figure 4(b) shows that the healing efficiency increased with temperature and surprisingly surpassed the 
original samples, reaching 123%, when cut samples were left at 120 Celsius degree. This result is similar to the 
poly(acrylic acid) polymer which can heal at least 80% at 80 Celsius degree[6]. The heating-promoted self-healing 
ability is probably due to the higher mobility of the molecular chains at higher temperatures which promotes the chain 
diffusion process and strengthens the healing ability[6]. 
 
Reptation model describes the molecular chain diffusion process in polymers[19]. Based on reptation model, Wool 
et al[20]. proved the linear relationship between the true fracture stress (ߪ௧௥) of healed samples andݐ଴Ǥଶହ, where ݐ is 
healing time. We fitted the true fracture stresses and healing times of our material into a double-logarithm coordinates. 
The result shows a linear relationship between the true fracture stress and the healing time with a slope of 0.25 which 
confirms that the chain diffusion process has contributed to the self-healing process of our material. 
 
Fig. 5. The true fracture stress is proportional to healing time in a double logarithm coordinates. 
52   Fan Fan and Jerzy Szpunar /  Procedia Engineering  141 ( 2016 )  47 – 52 
4. Conclusions 
We proved the self-healing ability of VHB4910 using tensile tests. Raman and infrared spectra illustrate the 
bonding structure of this material. We observed the re-association of hydrogen bonding at the cut interfaces using 
Raman spectroscopy. The wavenumber and full width at maximum of hydrogen bonded carbonyl bonds changed 
oppositely when the distance is closer to the cut interfaces. In addition, X-ray diffraction shows an amorphous inner 
structure of this material. The amorphous structure provides the condition for higher chain mobility which also 
contributed to the self-healing ability of this material. We observed the higher healing ability under heated 
temperatures. By conclusion, the re-association of hydrogen bonding at the cut interfaces initiated the self-healing 
process while the molecular chain diffusion strengthened the self-healing ability by entanglement with the active 
chains in the separated parts. 
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